Flowers exhibit characteristics through which they exploit the sensory biases of pollinating insects, and both signaler and receiver benefit from this interaction, either through reproductive service or food reward. However, the preferences of pollinators for certain flower traits such as color or odor might be exploited by predators that target pollinating insects. Crab spiders, Thomisus spectabilis, position themselves on flowers to prey on pollinators such as honeybees, Apis mellifera. We gave both honeybees and crab spiders the choice between two randomly chosen white Chrysanthemum frutescens, including olfactory signals in one experiment and excluding odor in a second experiment. When olfactory signals were included, crab spiders and honeybees clearly preferred the same flower out of a pair. However, agreement level was at chance in the absence of olfactory signals. We also analyzed the visual flower characteristics that might influence the decision of the animals. Neither the size of flowers (diameter of flower and diameter of reproductive flower center) nor the reflectance properties (receptor excitation values in ultraviolet, blue, and green; overall brightness) influenced the choices of crab spiders and honeybees. Therefore, odor seems to be the floral signal that bees use to identify high-quality flowers and that crab spiders exploit to encounter honeybees.
I
n communication, signals modulate the behavior of their receivers (Bradbury and Vehrencamp, 1998) . To maximize the effectiveness of signals, and also to make them detectable among the background noise, many signalers exploit preexisting sensory biases in their receivers, a process called sensory exploitation (Basolo, 1995; Johnstone, 1997) . The flowers of many plants provide an excellent example of sensory exploitation, as the floral color matches the insect visual system, which predates the evolution of flowering plants by approximately 400 million years (Chittka, 1996; Chittka et al., 1999; Kevan and Baker, 1983; Lunau, 2000; von Helversen and von Helversen, 1999) . The obvious benefit for the plants of being frequently visited by animals is reproductive service, whereas pollinators gain nectar or pollen rewards (Harder et al., 2001) . Other well-studied systems of sensory exploitation include intersexual signals designed to increase mating success (Hebets and Uetz, 1999; Rosenthal and Evans, 1998; Sun et al., 2000) .
However, signaling systems are often manipulated or exploited, with the result that either the signaler or the receiver does not benefit from the signal. An example of signal manipulation is the nonnectar-producing orchid Disa pulchra, with visual signals that are similar to those of the sympatric and nectar-producing iris Watsonia lepida. The pollinating fly Philoliche aethiopica is unable to distinguish between the two, thus pollinating the orchid without a nectar reward (Johnson, 2000) . Predators and parasites also often exploit the sexual signals and sensory biases of potential prey to enhance foraging success (for review, see Zuk and Kolluru, 1998) .
Spiders have evolved several strategies to exploit the responses of flying insects to visual signals. One strategy for increasing foraging success is to identify habitats that attract prey. For instance, the nocturnal orb-web spider, Larinioides sclopetarius, locates artificial light sources and constructs webs close to these lights, which also attract high numbers of flying insects (Heiling, 1999) . A number of different orb-web spider taxa (Blackledge 1998b; Edmunds and Edmunds, 1986; Herberstein et al., 2000) add conspicuous silk decorations to their completed webs. Various correlational and experimental studies show that webs with decorations attract more prey (Bruce et al., 2001; Craig, 1994; Hauber, 1998; Herberstein, 2000; Tso, 1998a,b; Watanabe 1999) . The ultraviolet (UV) reflectance of web decorations may play an important role in sensory exploitation. Craig and Bernard (1990) showed that insects avoided orb-webs without UV reflectance but were attracted to orbwebs that reflected UV light. Watanabe (1999) showed that flies' preference for web decorations disappeared when UV wavelengths of light were removed. Furthermore, Argiope argentata attracts insects by a UV-reflecting body surface (Craig and Ebert, 1994) . In contrast, one experimental study with Argiope aurantia found that decorated webs attracted less prey but also suffered less damage from birds (Blackledge and Wenzel 1999) . The investigators suggest that the coloration of web decorations embodies a trade-off to make them conspicuous to vertebrates (in order to warn them off, an ''advertisement'' function) while maximizing crypticity to potential invertebrate prey (Blackledge 1998a; Blackledge and Wenzel 2000) . Another experimental study, however, found that isolated web decorations of the same species attract prey (Tso 1998a) . The issue remains controversial, and web decorations may have multiple functions, quite possibly differing across species (Eberhard 1990; Herberstein et al., 2000) .
Crab spiders do not build webs but ambush pollinating insects on flowers with their raptorial forelimbs (Schmalhofer, 1999) . They are attracted by flower odors (Aldrich and Barros, 1995; Krell and Krämer, 1998) and use visual and tactile cues for selecting hunting sites (Greco and Kevan, 1994; Morse, 1988) . Field observations of male Misumena vatia revealed that they used cues from both prey and substrate (i.e., flower) as indicators of high-quality hunting sites. They remained longer on flowers in peak condition than on senescent flowers and responded in the absence of female spiders to floral cues indicating the presence of prey (Chien and Morse, 1998) . Furthermore, it is generally assumed that crab spiders adjust their color (white, bright yellow, or pink) to match the flower color in an attempt to camouflage (Chittka, 2001; Foelix, 1996; Schmalhofer, 2000; Théry and Casas, 2002) . However, some crab spiders are not cryptic to pollinators but actively attract their prey by manipulating floral signals in the UV spectrum of light (Heiling et al., 2003) . This unexpected twist challenges our current understanding of this predator/prey system. Rather than passively and randomly selecting flowers to hunt on, crab spiders may identify floral signals aimed at pollinating insects, thus exploiting the signaling communication between flower and pollinator.
The Australian crab spider, Thomisus spectabilis, is an ambush hunter that often captures honeybees (Apis mellifera; A.M. Heiling, K. Cheng, and M.E. Herberstein, personal observations). We tested whether T. spectabilis exploits the communication between flower and pollinator by selecting flowers that honeybees prefer. Pairs of flowers were offered to crab spiders and honeybees for choice. We predicted that the two species tend to choose the same members of a pair. We also investigated the sensory bases for these choices.
METHODS

Study species
Thomisus spectabilis (Thomisidae) were collected from the urban area of Brisbane, Australia, in October and November 2001. Females of this species belong to the largest thomisid crab spiders, and their body color ranges from white to yellow (A.M. Heiling, K. Cheng, and M.E. Herberstein, personal observations). In our experiments, however, we used only white individuals. The spiders were maintained in the laboratory on a 12-h light/12-h dark cycle, the temperature ranging from 20-25 C. They were fed live crickets (Acheta domestica) and Drosophila flies every week and watered daily. Honeybees, Apis mellifera (Apidae), were introduced into Australia from Europe about 200 years ago. We maintained them in an outdoor hive on campus and trained them to visit a feeding station where the experiments were also performed. Between the experimental trials, sucrose solution (25%) was dispensed ad libitum from the feeding station.
Experimental design
The experiments tested whether crab spiders can identify and exploit floral signals intended for pollinators. We performed experiments in which crab spiders and honeybees were given a choice between two randomly selected white daisies. Importantly, the same pair of flowers was offered to both spiders and honeybees. We used Chrysanthemum frutescens of the variety ''Summer Angel,'' which are a natural substrate of T. spectabilis. Each daisy, crab spider, and honeybee was used only once in the experiments. In the first experiment (N ¼ 60 choice trials), olfactory cues were included. A transparent foil was used to exclude olfactory cues (N ¼ 29 choice trials). The foil (Glad Wrap) is permeable to light greater than 300 nm, with less than 5% attenuation of all wavelengths. Thus, the foil had no effect on the spectral shape of the flowers. Daisies from plants maintained in growth cabinets were randomly selected and placed in black plastic lids (diameter ¼ 4 cm) to provide a constant black background to both spiders and honeybees.
Procedure
Crab spiders were anesthetized by using carbon dioxide and placed into the center of a test surface, consisting of a circular black cardboard (diameter ¼ 17 cm) within an enclosed plastic arena (height ¼ 14.5 cm). The two daisies were arranged vertically with a distance of 4 cm between the daisy centers and their corollas enclosing an angle of 120 degrees. The spider was placed in front of and in between the two flowers at a distance of 5 cm from the flower centers. We considered the spider to have made a choice if it approached and touched a daisy, often positioning itself on the petals of the flower. Smell is known to influence the choice behavior of honeybees (see Laska et al., 1999; Pelz et al., 1997) . Thus, after having made a choice, we placed the spider on the rejected daisy for an equal amount of time to exclude any influence of smell generated by the spider before the flower pair was re-tested using honeybees. All spiders made a choice within 30 min of being placed in the enclosed arena. We presented the daisy pair to the honeybees horizontally on a rectangular piece of black cardboard (18 3 13 cm), replacing the feeding station.
We classified the landing of a honeybee on one of the two daisies as a choice. All honeybee choices were recorded within 30 min of presenting the flowers.
Analysis of visual cues
To identify potential floral signals that may drive the flower choice of crab spiders and honeybees, we considered chromatic and achromatic cues as well as morphological characteristics. Flower measurements cause damage to flowers, and we thus performed them after the choice experiments were completed. We measured the overall flower diameter and the diameter of the pollen center to the nearest millimeter. Moreover, we measured the spectral reflectance of daisy petals and daisy centers six times, respectively, by using a USB 2000 spectrometer with a PX-2-pulsed xenon light source attached to a PC running OODBase32 software (Ocean Optics Inc.). The flowers were measured without the foil, as the foil only reduced the amount of light reflected without changing the spectral shape. We averaged the six measurements from each area and calculated the receptor excitation values (E) for the photoreceptors (UV, blue, and green) of honeybees (for methods, see Chittka, 1996) . The calculations generate the proportion of maximum potential excitation in the UV, blue, and green receptors. Moreover, we calculated the overall brightness of daisy petals and flower centers (Chittka, 1996) . These values refer to the visual system of honeybees, as the calculations incorporate the spectral sensitivity functions of animals, which are available for honeybees but not for crab spiders.
RESULTS
Flower choice of crab spiders and honeybees
When given the choice between two randomly selected Chrysanthemum frutescens in the presence of olfactory cues, spiders and bees chose the same daisy in 75% of the cases (n ¼ 60, exact binomial p ¼ .00013, two-tailed) (Figure 1) . However, when olfactory cues were excluded, crab spiders and honeybees did not choose the same daisy from a pair at significant frequencies (n ¼ 29, exact binomial p ¼ 1.0, two-tailed; power analysis: 1 À b ¼ 0.768).
Effect of floral cues
The measurements of the spectral reflectance properties of C. frutescens daisies are depicted in Figure 2 . The white petals of this variety of daisies reflect light at wavelengths greater than 380 nm, whereas the yellow centers reflect light at wavelengths from slightly less than 500 nm upward. Honeybees possess spectral receptors most sensitive near 345 nm (UV receptors), 440 nm (blue receptors), and 535 nm (green receptors; Briscoe and Chittka, 2001) . We have little understanding of the color vision of crab spiders, although various studies on the visual system of diurnal spider species revealed that the spectral sensitivity of their eyes ranged from ultraviolet to green (Barth et al., 1993; De Voe, 1975; Tadeda, 1976, 1983) . The daisy center clearly appears green to the honeybees and probably to the spiders, as the receptor excitation values are highest in this region of the light spectrum (Table 1 ). The UV receptor of bees is more sensitive than is the green receptor by more than an order of magnitude (Chittka et al., 1994) . Therefore, although the petals of daisy do not seem to reflect strongly in the UV, the photoreceptor of honeybees is excited in this region of the light spectrum (Table 1) . However, the receptor excitation values are higher in the blue and the green, making the petals of daisies strongly chromatic blue-green signals for bees (Table 1) .
We analyzed the flower characteristics of chosen and rejected flowers in the presence or absence of olfactory cues, in all cases in which spiders and bees chose the same flower from a pair. The results revealed a remarkable variance in both experiments in the size of daisies both in terms of flower diameter and diameter of the flower center (Table 1) . However, a comparison of these size measures between chosen and rejected daisies revealed no differences, indicating that neither honeybees nor crab spiders chose daisies based on flower size.
A calculation of the excitations (E) of the ultraviolet, the blue and the green receptors of honeybees by daisy petals and flower centers revealed that there was variation in the reflectance properties between daisies (Table 1) . In both experiments, however, there was no difference between the daisies chosen by spiders and honeybees and the rejected daisies in the receptor excitation values of daisy petals and flower centers for each of the three colors (UV, blue, and green) (Table 1) . Moreover, the brightness of petals and centers did not differ between chosen and rejected daisies (Table 1) . This indicates that the choice of honeybees and spiders was not affected by the visual signals provided by the daisies regardless of whether olfactory cues were available or not.
DISCUSSION
Our study provides evidence that the crab spiders, Thomisus spectabilis, respond to floral signals in the same manner as honeybees, Apis mellifera, do, thus exploiting the communication between flower and pollinator. When given the choice between two white Chrysanthemum frutescens daisies, crab spiders and honeybees clearly preferred the same flower from a pair. However, this agreement disappeared when olfactory cues were not available to the test animals. Crab spiders use a variety of cues or signals when selecting hunting sites (Chien and Morse, 1998; Greco and Kevan, 1994; Morse, 1988) . However, it was not clear whether crab spiders are able to respond to floral traits a priori or whether they arrive at flowers by chance and decide a posteriori to remain on a good flower or to leave a bad flower.
Flowers are used in signaling between the plant and the pollinating insect. Because of the energetic demands of pollinators, their preferences should result in a directional selection for floral signals associated with predictable rewards (Heinrich and Raven, 1972) . Pollinating insects are known to use a wide range of signals such as flower size (Neal et al., 1998; Young and Stanton, 1990) , preferring large flowers (Ohara and Higashi, 1994) and even large flower models (Møller and Sorci, 1998) over smaller ones. Pollinator rewards (Dafni, 1992) , odor (Galen and Kevan, 1983; Wells and Wells, 1985) , the symmetry patterns of flowers (Møller and Eriksson, 1995; Møller and Sorci, 1998) , and flower color (Chittka and Menzel, 1992; Kevan and Baker, 1983; Real, 1981; Waser and Price, 1981) also affect the decision of pollinating insects, although the brightness of objects does not seem to have any influence (Giurfa et al., 1995; Lunau et al., 1996) .
Our experiments revealed that the flower preferences of spiders and honeybees were not influenced by morphological characteristics such as the overall flower size and the size of the yellow reproductive flower center. Similarly, although there was variation in the spectral reflectance of individual flowers, flower reflectance properties did not influence flower choice. Odor seems to be the floral signal that bees use to identify high-quality flowers and that crab spiders exploit to encounter bees. In addition to visual signals indicating the presence (and/or the quality) of pollen and nectar, flowers also produce scents that attract pollinators (Weiss and Lamont, 1997) . It is likely that these scents correspond to the presence or absence of nectar or pollen rewards in our case. However, we do not suggest that smell is exclusively or even mainly determining choice behavior in honeybees and crab spiders. In recent literature there is a growing appreciation that flower-visiting animals perceive their foraging grounds as multimodal sensory entities (Gegear and Laverty, 2001) , and a visual/olfactory synergism determines the flower choice of bees (Lunau, 1992) . For example, in bumblebees (Bombus terrestris), olfactory signals facilitate color discrimination and memory formation (Kunze and Gumbert, 2001 ; but see Chittka et al., 2001) .
We suggest that in the presence of olfactory cues, crab spiders and honeybees perceive the whole set of information on flower characteristics that enables them to generate an indicator of flower quality. Their notion of quality obviously corresponds, resulting in an agreement in flower choice. For the spider, flower quality is expressed by the ability of the flower to attract prey, which is likely to result in a greater chance of capturing a honeybee. For the honeybee, flower quality often translates into a reward but, in our case, may also be linked to a higher risk of predation. Therefore, honeybees suffer apparently from responding to the same floral characteristics as crab spiders do.
In the coevolution of pollinating insects and their predators, selection by predators has been strong enough to maintain antipredatory adaptations in pollinators, and these traits range from stings in bees and noxiousness in butterflies to complex forms of mimicry (Gilbert 1983; Plowright and Owen, 1980; Schmidt, 1990) . However, European honeybees that did not coevolve with T. spectabilis do not appear to possess any antipredatory behavior when confronted with their spider predators (Heiling et al., 2003) . In contrast, pollinating prey that have coevolved with T. spectabilis demonstrate antipredatory strategies (Heiling and Herberstein, 2004) . Furthermore, although learning greatly contributes to the behavior of honeybees (Hammer, 1997; Menzel, 1990) , their strong innate preferences for floral traits (Giurfa et al., 1995) facilitate their exploitation by T. spectabilis. It may be that the density of signal exploitation by crab spider is low, and thus, it is unlikely that honeybees have evolved a counter strategy (Grafen, 1990; Hasson, 1994) , especially when the benefits for responding to floral signals in terms of rewards are high. The data presented here only represent the subset of trials in which spiders and honeybees chose the same flowers. E measures the proportion of the maximum physiological receptor voltage signals for each photoreceptor (ultraviolet, blue, and green) in the hymenopteran visual system (for methods, see Chittka, 1996) and does not carry a unit. All values are given as mean 6 SD, and all reported paired t values indicate p . .05.
